The antifungal antibiotic nystatin has been successfully used to select mutants of the yeast Rhodotorula mucilaginosa from populations consisting largely of wildtype organisms. The most efficient selection technique has been found by a study of the duration of the nitrogen starvation period, the composition of the starvation medium, and the concentration of nystatin. Several mutants have been obtained which are unable to utilize either or both of the aromatic carbon sourcesp-hydroxybenzoate and protocatechuate.
IP: 54.70.40.11
On: Sun, 09 Dec 2018 03:32:00 K. A. C O O K 30 was isolated by the author after NTG treatment of the wild-type strain but without the subsequent imposition of a selection procedure, and was used as a control organism in the development of the nystatin selection procedure described below.
Media. All media were prepared in a mineral salts base of the following composition (g/l water) : (NH,),SO,, 0.5 ; KHaP04, I -0 ; MgSO, . 7H20, 0.05 ; Bacto yeast extract (Difco), 0.1; trace elements solution (Barnet & Ingram, 1955 ), 1.0 ml. The pH was adjusted to 5-5 (unless otherwise stated) by the addition of concentrated ortho-phosphoric acid and the medium sterilized by autoclaving. Carbon sources were prepared as neutral stock solutions, sterilized separately by autoclaving (glucose and sodium p-hydroxybenzoate) or filtration (sodium protocatechuate -3,4-dihydroxybenzoate), and added aseptically to the mineral salts base. Complete medium (CM) contained 10 mwglucose as carbon source while minimal medium (MM) contained I o mM-p-hydroxybenzoate. Nitrogen-free medium (N-free) comprised mineral salts base from which (NH4)$04 and yeast extract were omitted and contained either I o mwglucose or I o mM-p-hydroxybenzoate as carbon sources, as indicated in the text.
The appropriate liquid media were solidified by the addition of 1.5 yo (w/v) purified agar (Oxoid) . Growth and maintenance of organisms. All strains were maintained by monthly subculture on CM slopes at 30 "C and stored at 4 "C.
Liquid cultures (40 ml of medium) were grown at 30 "C in flasks (250 ml) with side-arms on a rotary shaker (Mk 3, L.H. Engineering Co., Stoke Poges, Buckinghamshire) operated at 140 rev./min.
Enumeration of organisms. Cell density was estimated turbidimetrically with an EEL colorimeter (Evans Electroselenium Ltd, Halstead, Essex) and related to cell numbers obtained by direct counting by use of a calibration curve. A linear correlation was obtained with suspensions containing up to 6 x 10' organismslml.
Viable counts were performed in quadruplicate on solid media by the spread plate method, with all dilutions made in saline (0.85 yo, w/v, NaCl solution).
Mutagenesis.
A wild-type culture growing exponentially on CM was treated with NTG under experimentally determined optimal conditions (50 ,ug/ml of culture at 30 "C and pH 5.5 for 30 min). After this time organisms were harvested by centrifugation, washed three times in sterile potassium phosphate buffer (0.025 M, pH 6 5 ) , and subcultured on to fresh CM to allow segregation of mutant and non-mutant nuclei from multinucleate cells and permit the phenotypic expression of any induced mutations (Witkin, I 956) .
Under these conditions approximately 5 yo of the organisms survived NTG treatment.
Isolation and characterization of mutants. Organisms which survived NTG treatment and subsequent selection were plated on to MM and incubated at 30 "C for 48 h. Under these conditions organisms unable to utilize p-hydroxybenzoate formed microcolonies (see below). Microcolonies thus isolated were patched on to CM and subsequently tested for their appropriate nutritional requirements by the replication technique of Lederberg & Lederberg (1952) . Putative mutants were then streaked several times on CM and single colonies isolated which were streaked on to CM and stored at 4 "C.
The site of the enzymic lesion in mutants which had lost the ability to grow on one or more aromatic carbon sources was determined by enzyme analysis of extracts of the mutants after growth at the expense of 10 mM-glucose in the presence of 20 mM-p-hydroxybenzoate. Preparation of cell-free extracts and measurement of the relevant enzymes are described in detail in the following paper (Cook & Cain, 1974) . Preparation of nystatin. Nystatin (Nystan, E. R. Squibb & Sons, Liverpool) was prepared as a suspension in water at 2 mg/ml and the pH adjusted to 8-5 with 5 M-NaOH. The clear yellow solution obtained was sterilized by filtration through a Millipore membrane (0.22 pm pore size, 0.47 mm thick) and used immediately because of its limited stability (Dutcher, Walters & Wintersteiner, 1955) . One mg of nystatin was equivalent to 4950 units.
R E S U L T S

EHect of starvation conditions on the wild type and on strain PHBI
The effectiveness of nystatin in selecting fungal auxotrophs, when these are present in mixed populations with prototrophs, rests upon its differential effect upon growing and non-growing organisms (Snow, 1966; Ditchburn & MacDonald, 1971 ; Thouvenot & Bourgeois, 1971) . A period of starvation must therefore be imposed before nystatin treatment to ensure that mutant organisms have exhausted their pool of endogenous metabolites and will be unable to grow when transferred to MM. The duration of the starvation period IP: 54.70.40.11
On: Sun, 09 Dec 2018 03:32:00 required for R. mucilaginosa was determined as follows : organisms from an exponential culture of strain PHBI on CM were harvested by centrifugation, washed three times with physiological saline, and transferred to N-free medium containing either 10 mM-glucose or 10 mM-p-hydroxybenzoate as carbon sources. Cultures were incubated at 30 "C and growth monitored turbidimetrically for 24 h (Fig. I a) . With glucose as carbon source cell numbers increased approximately fourfold within 13 h (cf. Thouvenot & Bourgeois, 1971, using S. cerevisiae). When glucose was replaced by p-hydroxybenzoate, now exposing the mutant strain to conditions of both nitrogen and carbon starvation, no increase in cell numbers was observed. These data suggested that strain PHBI was incapable of multiplication in the absence of a utilizable carbon source; however, no loss of viability was observed during incubation under these conditions, viable cell counts of 1-1 x 107, 1.2 x 107, 1.3 x 10' and 1.2 x 107 being obtained after 2.5, 6, 15 and 23 h starvation respectively.
Rhodotorula mucilaginosa wild-type was capable of metabolizing both glucose and phydroxybenzoate and hence similar curves were obtained in N-free media containing either carbon source (Fig. rb) , and cell numbers increased between three-and fourfold within 12 h.
Diflerential eflects of nystatin on pure cultures of the wild type and of strain PHBI The maximum lethal effect of nystatin is dependent on its efficient absorption by prototrophs, which occurs at 30 "C and pH 4.2 in the presence of a utilizable carbon source (Lampen, Morgan, Slocum & Arnow, 1959 McCurley, 1966) . Organisms from an exponential culture of the wild-type strain on CM were transferred to N-free medium containing either glucose or p-hydroxybenzoate as carbon source and incubated at 30 "C for 20 h, as described above. After starvation, organisms were harvested, washed and inoculated into each of a series of flasks of MM adjusted to pH 4-2 at a final density of 5 x 106 organisms/ml. When the cultures had reached exponential phase (after approximately 10 h) varying amounts of nystatin were added to the different cultures to give a series of concentrations of between 2.5 and 20 ,ug/ml of culture, and the cultures incubated at 30 "C in the dark. Samples were removed I h later, immediately diluted Ioo-fold in physiological saline to dilute the residual nystatin to a sublethal concentration, and viable counts performed.
The mutant strain, PHBI, was treated in an identical manner to that described above for the wild type, imposing a further starvation period upon it as it was unable to grow on MM. However, no loss of viability was observed during this additional starvation period, irrespective of the carbon source previously utilized in the N-free medium, viable cell counts of 1-9 x ro6, 2-0 x I O~, 1.8 x 106 and 1.9 x 106 being obtained after 3,6, g and 10 h incubation respectively .
It is evident (Fig. 2 ) that under the experimental conditions described strain PHBI was considerably more resistant to nystatin than was the wild-type strain. At nystatin concentrations of up to 4 ,ug/ml of culture the viability of strain PHBI was unaffected while at the same concentration 99 yo of the wild-type organisms were killed. The nature of the carbon source utilized in the starvation medium had no effect on the subsequent survival of either strain after nystatin treatment and a starvation medium containing 10 mM-glucose as carbon source was adopted for subsequent use.
Eflects of nystatin on a mixed population of the wild type and strain PHBI The differential effects of nystatin on the wild type and on strain PHBI (Fig. 2 ) suggested the suitability of the antibiotic for use as a selective agent provided that the response of the two strains together in a mixed culture did not differ significantly from their individual responses to the antibiotic. This was investigated by mixing nitrogen-starved cultures of the two strains before nystatin treatment. Snow (I 966) found that to avoid syntrophy between prototrophic and auxotrophic stains of S. cerevisiae (and hence subsequent growth and destruction of the auxotrophs by nystatin) it was advisable not to exceed a cell density of I o7 organisms/ml during nystatin selection. Hence after nitrogen starvation wild type and mutant cultures of R. mucilaginosa were inoculated in equal numbers into MM to give a combined initial density of 5 x 106 organismslml; nystatin was added after approximately 9 h, when a cell density of I x 107 organismslml had been attained. After exposure to nystatin for I h organisms were plated on to both MM and CM and incubated at 30 "C. Discrimination between surviving wild-type and mutant organisms was facilitated by the fact that mutants formed microcolonies on MM. When successive samples from a mixed culture in liquid MM were plated on to CM and MM the number of mutant organisms, estimated from the difference in normal colony counts on CM and MM, was in close agreement with the number of microcolonies on MM. Hence in subsequent experiments the number of mutant organisms surviving nystatin treatment was estimated from the number of microcolonies appearing on MM.
From the data obtained using individual pure cultures of the wild-type and strain PHBI treated with nystatin (Fig. 2 ) it was possible to calculate the theoretical enrichment of mutant over wild-type organisms expected in a mixed culture experiment, assuming that their susceptibilities to nystatin remained unaltered under these conditions. Comparison of this theoretical enrichment data with data obtained using an actual mixed culture should then indicate whether the behaviour of a mixed culture differed from that of its individual components towards nystatin. The enrichment factor, EF, was defined as: ratio of mutant to wild-type organisms after nystatin treatment EF = ratio of mutant to wild-type organisms before nystatin treatment' The data presented in Fig. 3 indicated that the behaviour of a mixed culture towards nystatin did not vary significantly from the behaviour of individual pure cultures under the conditions used, and that approximately I oo-fold enrichment of mutant over wild-type organisms was possible using the selection procedure described here.
Production and selection of mutants From the results described above, the following standard procedure was adopted : after mutagenesis of a culture of the wild-type strain and subsequent growth of the survivors to exponential phase on CM, organisms were harvested by centrifugation, washed with physiological saline, and inoculated into N-free medium with 10 mM-glucose as carbon of culture) and the culture incubated at 30 "C in the dark for I h. Culture samples were then diluted roo-fold and survivors were plated on to MM and allowed to grow for 48 h, when mutant organisms formed micro-colonies. Mutants were subsequently characterized as described in Methods.
In the course of two typical experiments 49 stable mutants were obtained (Table I) , although it was possible that several of the mutants having similar growth characteristics and obtained in the course of the same manipulations were derived from the same clone. Three distinct groups of mutants were obtained and from their growth characteristics it appears that group I mutants were unable to take up protocatechuate from the medium, that group 2 mutants either lacked p-hydroxybenzoate hydroxylase or were impermeable to p-hydroxybenzoate in the medium, and that group 3 mutants were deficient in some enzyme involved in the subsequent degradation of protocatechuate or were impermeable to both p-hydroxybenzoate and protocatechuate in the medium.
The enzymic analysis of representative mutants from groups 2 and 3 is described in Cook & Cain (1974).
D I S C U S S I O N
The nystatin selection procedure described here is a modification of a procedure for the selection of S. cerevisiae mutants proposed by Snow (1966) and subsequently refined by Thouvenot & Bourgeois (1971) . However, in addition to the modification of the technique for use with R. mucilaginosa it has been adapted to the selection of mutants deficient in the catabolism of aromatic carbon compounds, whereas previous workers have concentrated on the selection of mutants defective in the biosynthesis of nitrogenous compounds. The magnitude of the enrichment of R. mucilaginosa mutants over the wild-type strain was approximately sevenfold less than that reported for S. cerevisiae mutants (Thouvenot & Bourgeois, 1971) . A likely reason for this is the greater sensitivity of R. mucilaginosa towards nystatin; exposure of wild-type R. mucilaginosa to 20 pg nystatin/ml (100 units/ml) resulted in the survival of 0.035 yb [of the organisms compared with a survival of 0.4 yo with S. cerevisiae. The different susceptibility of mutant strains of the two organisms were even more pronounced, only 0.1 5 94 of cells of PHB r surviving treatment with 20 ,ug antibiotic/ml, whereas 85 : / ;
of a mutant strain of S. cerevisiae survived under similar conditions. These factors necessitated the use of a considerably lower concentration of nystatin during selection of R. inucilaginosa mutants.
